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Abstract 
Calculated carbamate stabilities are presented for a broad range of solvents. These results are presented together with 
experimental basicity data. These two equilibrium constants do to a large extent determine how a solvent will perform in CO2 
absorption. It is found that electron withdrawing groups in the molecular structure results in higher carbamate stability and lower 
basicity, while electron donor groups on the other hand result in weaker carbamate stability and higher basicity.  Accessability of 
the solvent to the amine functionality results in both higher carbamate stability and higher basicity. The potential of different 
sterically hindered amines to form carbamates has been studied. The sterically hindered amine 2-amino-2 fluoro ethanol is 
predicted to form a more stable carbamate form than MEA, while most other stercially hindered amines are predicted to not form 
stable carbamate forms.   
Keywords: CO2 absorption; Advanced solvents
1. Introduction 
There is currently significant effort being put into improving solvent based post-combustion CO2 capture 
technology. One of the main research issues in this field is finding the optimal solvent components. In chemical 
absorption the CO2 can be bound as bicarbonate or carbamate.[1, 2] The performance of different solvents is to a 
large extent determined by the equilibrium constants for the formation of these species. The bicarbonate formation 
occurs through the following reaction: 
2 2 3 3 3CO H O R N HCO R NH
- ++ + « +        (1) 
 
Where R3N can be any amine component. The carbamate formation has the following reaction: 
 
2 2 3 2 2 3CO R NH R N R NCO R NH
- ++ + « +        (2) 
 
Where R2NH can be any primary or secondary amine component.  
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The extent of bicarbonate formation is determined by the base strength of the amine: 
3 3 3 2R N H O R NH H O
+ ++ « +         (3) 
 
The carbamate formation as given in reaction 2 depends both on the stability of the carbamate and the base strength 
of the amine. To separate these two contributions, we can set up the equilibrium between bicarbonate and 
carbamate: 
 
3 2 2 2 2HCO R NH R NCO H O
- -+ « +         (4) 
 
This equilibrium is a direct expression of the stability of the carbamate species. Equation 2 can be obtained as the 
sum of equation 1 and 4. 
In the present work computational chemistry calculations are used to calculate the carbamate stability (Equation 
4), while we draw on experimental pKa data for the basicity of different solvents. The experimental pKa data are 
from Perrin.[3] 
 
2. Methods 
In Figure 1 is shown a thermodynamic cycle for equation 4.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From the thermodynamic cycle it can be seen that the free energy of reaction in solution can be calculated from 
the free energy of reaction in gas phase and solvation energies for the different species. One motivation for using 
such a thermodynamic cycle is that different computational chemistry tools can be used for calculations of the 
different terms. Such a cycle is also useful in identifying which factors contribute to the carbamate stability. 
The gas phase reaction energies have been calculated at the B3LYP/6-311++G(d,p) level of theory. This is a 
widely used hybrid DFT method that will usually produce reasonably accurate energies.[4] To calculate solvation 
energies two separate methods are used, for ions both the explicit solvation shell model [5]  and the SM8 model is 
utilized while only the SM8 model [6]is utilized for the neutral species.  The explicit solvation shell model was 
developed specifically to provide more accurate solvation energies for ionic species. The SM8 model is a semi-
empirical model that provides fairly accurate solvation energies for neutral species. 
It should be noted that there are uncertainties in the present calculations. The greatest uncertainties are in the 
calculated solvation energies for ionic species. The applied methods are also much more reliable in calculating 
relative energy differences between solvents, than in calculating absolute reaction energies. We expect errors in 
relative energies between solvents to be in the order of +/- 1 kcal/mol.  
All calculations have been based on the conformer that has been found to be the most stable at the given level of 
theory.  
Figure 1. Thermodynamic cycle for carbamate formation from bicarbonate (Eq. 4).
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3. Results and Discussion 
In Table 1 are given the calculated carbamate stabilities (as given by Equation 4) and experimental pKa data for 
different solvents. 
 
Table 1. Calculated carbamate stability (as given by Equation 4) and experimental basicity data
Compound Gg a Gsolv b Gs c pKa 
2-ethanolamine (MEA) -6.3 -1.0 -7.3 9.5 
3-amino-1-propanol (MPA) -5.8 0.4 -5.4 9.96 
Ethylenediamine (EDA) 0.0 -6.4 -6.5 9.922 
Propanamine 3.0 -10.8 -7.8 10.6 
2-methyl propanamine 2.2 -11.0 -8.7 10.5 
2-amino-2-methylpropanol (AMP) -3.8 -1.8 -5.6 9.72 
2-amino-2-methyl-1,3-propanediol 
(AMPD) -8.4 0.9 -7.5 8.8 
2-amino-2-ethyl-1,3-propanediol 
(AEPD) -8.5 1.5 -7.0 8.8 
2-amino-2 fluoro ethanol -12.3 4.2 -8.1  
2-amino propanol -5.4 -1.3 -6.6 9.4 
Diethanolamine (DEA) -13.0 6.9 -6.1 8.96 
2-(methylamino) ethanol (MMEA) -5.5 -0.6 -6.0 9.77 
Morpholine -2.2 -6.2 -8.4 8.492 
Piperazine -0.5 -6.1 -6.7 9.83 
Piperidine 2.1 -7.6 -5.5 11.12 
N-methyldiethanolamine (MDEA) no carb.   8.52 
Triethanolamine (TEA) no carb.   7.76 
a: Reaction energy for equation 4 (HCO3 +Am -> AmCO2 +H2O) calculated in vacuum. b: solvation energy 
contribution to equation 4. c: Reaction energy for equation 4 in solution. 
 
 
In Figure 2 the carbamate formation energy from bicarbonate (Eq. 4) is plotted against the bicarbonate reaction 
energy (Eq. 1). It can be noted that for the tertiary amines no stable carbamate species is formed. The cyclical 
amines morpholine, piperazine and piperidine represent an interesting series of compounds. The amine functionality 
in these three solvents is structurally the same and the stabilizing effect of the solvent is expected to be 
approximately constant. In this case it is the electron withdrawing and donating effects in the molecule that are 
expected to dominate. In this series a clear trend can seen with a reverse correlation between carbamate stability and 
base strength. In morpholine the oxygen atom is electron withdrawing, resulting in relatively low base strength and 
high carbamate stability. Piperidine has an electron donating carbon atom in the back of the ring, resulting in high 
base strength and lower carbamate stability.    
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MEA and EDA represents another group of solvents with very similar amine functionality, where the solvents 
stabilizing affect is expected to stay essentially the same. The relative difference between these solvents is very 
similar to what is seen for the cyclical amines, EDA has an electron donating nitrogen atom, resulting in higher 
basicity and lower carbamate stability than for MEA. 
In Figure 3 the reaction energy for carbamate formation from amine and CO2 is plotted against the bicarbonate 
formation energy. This is the reaction for carbamate formation that will actually take place in a single solvent 
component system.  When compared to Figure 2, it can be seen in Figure 3 that the carbamate stability for many 
solvents is clustered more closely together. The reaction energy for carbamate formation from amine and CO2 is a 
function of both the stability of the carbamate and the base strength of the amine. As already noted these properties 
are to some extent inversely correlated and in Figure 3 we see changes in these properties to some extent cancelling 
out.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Carbamate formation from bicarbonate (Eq. 4) plotted against 
bicarbonate formation (Eq. 1). Pa indicates piperazine and Pi indicates piperidine.
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Sterically hindered amines 
Sartori and Savage [7] observed that introducing bulky substituents adjacent to the amine groups lowers the 
stability of the carbamate form. Solvents with such substituent groups are called sterically hindered amines. Sartori 
and Savages work and the name given to this family of solvents implies that it is steric hinderence that causes the 
reduction in carbamate stability. With computational chemistry calculations we can look at what factors actually 
contributes to lowered carbamate stability in this class of solvents. 
There are three factors that may contribute to the stability of the carbamate species; electron 
donating/withdrawing effects, steric hinderence and solvation effects. In AMP there are two factors that may be 
contributing to lower carbamate stability, there is steric hinderence resulting from interaction between the methyl 
groups and CO2 group on the carbamate, but at the same the two methyl groups are electron donors also contributing 
to lower carbamate stability. In this case there is no direct way to quantify the relative importance of the two factors. 
Looking at other sterically hindered amines in Table 1 the effect of changing the substituent groups can be studied. 
AMPD and AEPD have an electron withdrawing alcohol substituent group, that should in itself contribute to higher 
carbamate stability. For these solvents the calculations show relatively high stability for the carbamate forms in the 
gas phase, the stability in solution is however low. In this case it can be concluded that it is solvation effects that are 
resulting in low carbamate stability. For AMPD and AEPD this can be regarded as an indirect steric effect, a bulky 
substituent group makes the carbamate group less accessible to the solvent, resulting in less solvent stabilization.   
One conclusion to be drawn from this is that steric hinderence is not necessarily the dominent effect for sterically 
hindered amines. An interesting question is then if there are any solvents that have stable carbamate forms despite 
being sterically hindered amines. In Table 2 we have listed a set of sterically hindered amines that have been 
considered together with MEA, calculated carbamate stabilities are shown in the same way as in Table 1. The 
calculations are however somewhat different from those shown in Table 1. Thermal energy corrections have not 
been included and the free energy of solvation for the carbamate species is calculated with the SM8 model (rather 
Figure 3. Carbamate formation from amine and CO2 (Eq. 2) plotted against bicarbonate 
formation (Eq. 1). Pa indicates piperazine and Pi indicates piperidine 
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than the ESS model). None of the solvents with two substituent groups on the alpha position are found to have stable 
carbamate forms.   2amino-2 fluoro ethanol is however predicted to have a higher carbamate stability than MEA.  
 
Table 2. Calculated carbamate stability (as given by Equation 4) for sterically hindered amines and MEA. 
 Gg a Gsolv b Gs c 
MEA -6.4 3.7 -2.7 
AMP -4.7 4.0 -0.6 
AMPD -9.9 8.9 -1.0 
AEPD -10.0 10.3 0.3 
2-amino-2,2 difluoro 
ethanol -14.5 15.2 0.7 
2-amino-2 fluoro ethanol -13.6 9.3 -4.3 
2-amino-propanol -5.7 2.6 -3.1 
2,2,6,6 tetramethyl-4-
piperidinol_(TMP) 11.4 9.2 20.6 
 
Comparison with experimental data 
In Table 3 we show calculated carbamate stabilities together with experimentally derived carbamate stabilities. 
The experimental data are from NMR studies carried out by Nicole McCann.[8] The calculated values have all been 
shifted by +5.19 kcal/mol, so this is only a comparison of relative values.  
It can be seen from Table 3 that there is good overall agreement between experimental and calculated values. The 
calculations predict that AMP can form a carbamate species, the stability is however predicted to be significantly 
lower than for MEA. 
Table 3. Experimental and calculated carbamate stabilities (as given by equation 4). 
Gs (Exp) a Gs (Calc.) b
MEA -2.10 -2.10 
propanamine -2.28 -2.62 
2-methyl propanamine -2.48 -3.53 
2-amino-propanol -0.97 -1.43 
AMP No carbamate detected -0.42 
MDEA No carbamate detected No stable carbamate species 
a: Experimental data from Nicole McCann.[8]. b: Data from Table 1, all values shifted by 5.19 kcal/mol. 
4. Conclusion 
In the present work computational chemistry methods have been utilized to calculate the carbamate stability of a 
broad range of CO2 capture solvents. It is found that electron withdrawing groups in the molecular structure result in 
higher carbamate stability, while electron donating groups result in lower carbamate stability. At the same time 
electron withdrawing groups result in weaker basicity,  while electron donating groups result in higher basicity. A 
high solvent accessible area around the amine functionality does on the other hand result in both higher carbamate 
stability and basicity. 
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